Considerable research has compared quasi-linear convective system (QLCS) tornadoes and tornadoes associated with other convective modes. The present study seeks to identify environmental and radar characteristics associated with, specifically, QLCS tornadoes occurring in the lower Mississippi River Valley, with analysis focused on seasonal and tornado-intensity variability. Archived radar and mesoanalysis data from 2009-2013 are analyzed to identify the environmental and storm-scale characteristics associated with lower Mississippi Valley tornadoes, and a comparison is made with both QLCS and non-QLCS tornadoes across the remainder of the United States to identify unique attributes. Analysis of the environmental variables in this regime suggests relatively lower magnitudes of lowest 100-hPa mean-layer convective available potential energy (CAPE) when compared to all other tornadoes (non-QLCS modes in the lower Mississippi Valley and all modes in all other portions of the United States). However, the low-level and deep-layer bulk wind differences for lower Mississippi River Valley QLCS tornadic storms are similar to other tornadic storms. Although previous studies often noted the relationship between CAPE and tornado potential, significant QLCS tornadoes are found to occur in low CAPE environments. Additionally, radar data from a sample of the QLCS tornadoes from the dataset were examined, considering the rotational velocity up to three radar volume scans before the initial tornado report to determine characteristics of radar circulations associated with QLCS tornadoes prior to their occurrence. Temporal trends in rotational velocity are provided and could serve as guidance to forecasters in anticipating QLCS tornado occurrence in a short-term forecast scenario.
Introduction
Quasi-linear convective system (QLCS) tornadoes pose substantial challenges to operational forecasters owing to their rapid development and detection difficulties related to radar sampling limitations. The development of QLCSs during the cool season months (i.e., November through March) is often associated with synoptically evident mid-and upper-level troughs supporting strong forcing for ascent (e.g., Browning 1986; Branick et al. 1988) . Environments supporting severe thunderstorms are known to accompany many of these synoptic-scale mid-and upper-level troughs, but identifying tornado potential within these broader environments remains a challenge.
The lower Mississippi Valley (LMV) of the United States, located within a relative spatial maximum in tornado activity referred to as Dixie Tornado Alley (Gagan et al. 2010) , has experienced tornadoes at all times of year. Previous research shows that most Rogers et al. NWA Journal of Operational Meteorology 24 May 2017 tornadoes that occur from November through March across the LMV are nocturnal in nature , hereafter S12), further complicating efforts to receive ground-truth by operational forecasters and posing concerns regarding warning preparedness for the general population in an area where tornado fatalities are common (Ashley 2007) .
As shown by S12, most QLCS tornadoes occur east of the Great Plains, with a spatial maximum focused in the Ohio and Mississippi valleys (Trapp et al. 2005 ; Thompson et al. 2013) . Thompson et al. (2012, hereafter T12) confirm that QLCS tornado environments exhibit stronger vertical shear and weaker buoyancy compared to the large buoyancy and steeper midlevel lapse rates characteristic of Great Plains tornado environments. The near-storm environment for QLCS tornadoes is often characterized by the lowest 100-hPa mean-layer convective available potential energy (MLCAPE) <1000 J/kg -1 , and the lowest 100-hPa mean-layer lifting condensation level heights are rarely above 1000 m (Thompson et al. 2013) . One prominent QLCS tornado outbreak case featuring similar environmental conditions occurred on 31 October 2013 and was analyzed in detail by Guyer and Jirak (2014) . The occurrence of QLCS tornadoes in this case was consistent with findings presented by Thompson et al. (2013) and highlights the incidence of tornadoes in environments featuring very strong 0-6 km bulk wind difference (BWD) magnitudes (i.e., ≥25 m/s -1 ) but limited buoyancy (i.e., MLCAPE ≤1000 J/kg -1 ). Most QLCS tornadoes are weak in nature, with S12 showing that nearly 89% of events are associated with an Enhanced Fujita (EF) rating of EF0 or EF1. Guyer and Dean (2010) find that tornadoes occurring in environments characterized by weak MLCAPE (≤500 J/kg -1 ) frequently occur overnight and are most common during the winter and spring/fall transition months. However, strong tornadoes can occasionally occur within a QLCS. One such example features two separate EF3 tornadoes occurring within a QLCS over central Alabama at 0944 and 1018 UTC on 27 April 2011. A comprehensive study of QLCS tornado events by S12 found 11 EF3 or stronger QLCS tornadoes occurred between 2003 and 2011 across the contiguous United States (CONUS), and these events occurred in an environmental parameter space supportive of supercells (T12).
Previous research related to QLCS environments and tornadoes primarily have been regional in scope within the United States, including an extensive study documenting QLCS tornadoes in the middle Mississippi valley (e.g., Przybylinski et al. 2013) . A radar climatology of tornadic and nontornadic vortices in high-shear, low CAPE environments in the Southeast and mid-Atlantic (e.g., Davis and Parker 2014) included a large subset of QLCS events. However, no known formal study exists that focuses solely on LMV QLCS tornado environments. The goal of the present study is to provide an overview of environmental and radar-based characteristics of QLCS tornadoes occurring in the LMV to assist operational forecasters in contextualizing environments conducive for tornadoes relative to other tornado regimes. This work represents an attempt to understand the specific LMV QLCS tornado regime as a separate spatial and convective-mode entity, building upon the work from previous studies. Additional analyses investigate how these characteristics compare to all other tornadoes (all regions and modes) in an effort to determine characteristics that make LMV QLCS tornado environments and radar attributes distinguishable.
Data and Methods
The present study uses work detailed by S12, T12, and Thompson et al. (2013) as the foundation for analysis of the mesoscale environment characteristic of tornadoes. This foundation interweaves the relationship between tornadoes and their associated convective mode with thermodynamic and kinematic parameters representative of the environment, using data from the Storm Prediction Center mesoanalysis system (Bothwell et al. 2002) . Such work permits analysis of tornado environments specifically associated with the QLCS convective mode and within the specific region of the LMV.
The initial locations corresponding to QLCS tornadoes relevant for further analysis are provided in Fig. 1 . This area lies south of 36.0°N and between 94.5°W and 88.0°W and extends through the period of 2009-2013, which corresponds with the availability of Level II super-resolution radar data. Analyses of thermodynamic parameters (e.g., CAPE, lapse rate, dewpoint, and precipitable water), along with kinematic parameters [e.g., storm-relative helicity (SRH) and BWD], are based upon these events featured in Fig. 1 Prediction Center (SPC) mesoanalysis system (Bothwell et al. 2002) are matched with the tornadoes shown in Fig. 1 and then plotted per EF-scale magnitude and season. Furthermore, an analysis of CAPE, wind shear, and moisture parameters commonly used to diagnose severe weather potential is performed to identify favorable environmental and radar characteristics for QLCS tornado events. Environmental conditions corresponding to tornadoes are based on thermodynamic and kinematic profiles at the nearest grid point, rather than interpolation to tornado locations. Sources of error inherent to the SPC mesoanalysis system ultimately influence the validity of the environment characterizing the tornadoes compared to the true atmosphere. For instance, inaccuracies in vertical profiles above the ground, driven to some extent by planetary boundary layer parameterization schemes with known flaws (Cohen et al. 2015) , can extend to the mesoanalysis output. These errors may become important in low-buoyancy environments where relatively small variations in depicted instability measures can offer substantially varying implications regarding convective impacts. Cohen et al. (2015) address additional details related to these sources of error, especially in the realm of southeastern United States cold-season severe weather environments. Furthermore, instrumentation error and smoothing of analysis fields manifested in the SPC mesoanalysis output could serve as error sources in describing the near-storm environment. Where sharp spatial gradients in analyzed parameters exist, it is possible for the nearest grid point environmental characteristics to inadequately describe the true near-storm environment. These are all relevant sources of error for subsequent analysis. Regardless, the SPC mesoanalysis system has proven reproducibly to offer invaluable insight regarding the convective environment and related hazards and is treated within the meteorological community as the primary means for real-time, mesoscale environmental assessment.
Furthermore, the database also includes information regarding radar attributes of the low-level circulations attendant to the tornadoes, including rotational velocity trends and convective mode. Additional details regarding the documentation of these attributes and their applications are available from S12, T12, and Smith et al. (2015, hereafter S15) . This study analyzed radar attributes for LMV QLCS tornadoes (Fig. 1) . Specific radar attributes examined include: 1) peak rotational velocity, 2) distance between maximum inbound and outbound radial velocities within the storm-scale circulation, and 3) distance from radar and height above radar level (e.g., ≤3 km). The purpose of this work is to provide guidance regarding typical velocity data associated with QLCS tornadoes. However, this work includes an additional component beyond that available in the SPC convective mode and environment database by examining temporal trends in pre-QLCS-tornado peak rotational velocity for a subset of tornado cases to illustrate storm-scale circulation evolution prior to tornado occurrence.
Environmental and radar data obtained from the SPC mesoanalysis system (Bothwell et al. 2002) are matched with the tornadoes shown in Fig. 1 and then plotted by EF-scale magnitude and season. An analysis of CAPE, wind shear, and moisture parameters commonly used to diagnose severe weather potential is performed to identify favorable environmental and radar characteristics for QLCS tornado events. The radar analyses focus on rotational velocity and azimuthal shear trends leading up to the tornadoes.
A total of 138 QLCS tornadoes were identified within the LMV between 2009 and 2013. Annual observed totals ranged from a minimum of 3 cases in 2010 to a maximum of 45 cases in 2011. 
Results

a. Comparison of environmental parameters separated by EF-scale rating
The distribution of LMV QLCS tornadoes by EFscale rating in the present study includes 46 EF0, 78 EF1, 14 EF2 cases, and no tornadoes rated higher than EF2. Owing to the limited sample size of tornadoes rated EF2, comparisons of EF-scale ratings throughout the remainder of the paper will focus on EF0 tornadoes with EF1 and EF2 tornadoes (hereafter, referred to as EF1+). This approach is similar to S15, which grouped EF2 and stronger QLCS tornadoes together due to a limited sample size of higher EF-scale ratings.
Past literature has focused on the positive correlation between thermodynamic indices (e.g., MLCAPE) and EF-scale rating, especially for tornadoes occurring within right-moving supercells (T12; S15, their Fig.  9 ). This relationship is much weaker when considering environments of QLCS tornadoes, and higher MLCAPE values do not necessarily correspond to increased potential for significant tornadoes (T12, their Fig.  5 ). In fact, T12 found that the mean MLCAPE value associated with a large sample of EF2 QLCS tornadoes across the CONUS was slightly less than the value for EF0 QLCS tornadoes.
The current study demonstrates a slight positive relationship between the distribution of MLCAPE values and EF-scale rating for LMV QLCS tornadoes, as shown in Fig. 2a . Most notably, the mean MLCAPE value is approximately 200 J/kg -1 higher for EF1+ tornadoes. Outliers featuring MLCAPE values >2000 J/kg -1 are usually associated with EF1+ tornadoes. However, little discrimination in the magnitude distributions of each EF-scale group is noted, suggesting that MLCAPE remains a poor discriminator of EFscale rating. Virtually no difference in the parameter distribution of 0-3 km above ground level (AGL) MLCAPE is found (Fig. 2b) .
Kinematic parameters commonly used to characterize severe storm environments, including effective-layer BWD and SRH, exhibit a slight increase in magnitude in conjunction with higher EF-scale ratings, with results being fairly consistent with T12. Mean effective BWD values (Fig. 2c) ; 49 kt). It should be noted that the calculation of SRH values within the effective layer assumes a mean storm motion associated with right-moving supercells. However, effective SRH is a component in the calculation of the effective-layer significant tornado parameter, and this parameter for LMV QLCS tornadoes is analyzed to provide a consistent comparison with results from T12 and Thompson et al. (2013) . Mean effective SRH values (Fig. 2d) exhibit an increase between EF0 ratings (216 m2 s-2) and EF1+ ratings (264 m2 s-2). Kinematic parameters defined by a fixed layer exhibit negligible differences in the mean values and overall distribution between EF0 ratings and EF1+ ratings for both 0-3-km bulk wind shear (Fig. 2e ) and 0-3-km SRH (Fig.  2f) . Of note, the entire box plot representing 0-3-km bulk wind shear magnitudes for both EF0 and EF1+ ratings are >30 kt, which is consistent with a favorable 0-3-km line-normal bulk shear magnitude threshold identified by Schaumann and Przybylinski (2012) for QLCS tornado-producing mesovortices. Substantial overlap in the parameter distributions for effective BWD and effective SRH suggest that commonly used parameters for characterizing both the kinematic and thermodynamic environment are poor discriminators of EF-scale rating, despite exhibiting a slight positive relationship with increasing EF-scale rating.
b. Spatiotemporal characteristics of QLCS tornadoes
The hourly distribution of LMV QLCS tornado occurrence does not exhibit a distinct peak (Fig. 3a) and is similar to diurnal frequency trends examined within a longer period by S12 (their Fig. 24 ) for QLCS tornadoes occurring within 200 km of Jackson, Mississippi. Nocturnal tornadoes are more frequently associated with QLCS events than non-QLCS events, which exhibit a distinct diurnal trend featuring a peak in the late afternoon and early evening hours (Fig. 3b) . Hart and Cohen (2016a) explore within-year variability of convective parameters relevant for significant tornado forecasting, and they identify differences in the predictability of significant tornadoes from November through May (more predictability) and June through October (less predictability) using the Statistical Severe Convective Risk Assessment Model for convective parameters introduced by Hart and Cohen (2016b) . The present study seeks to provide additional insight regarding the behavior of seasonal variability for meteorological parameters characterizing a relatively small subset of the tornado database.
QLCS tornadoes are almost entirely confined to the winter and spring/fall transition months across the LMV, exhibit a distinct peak in March and April (Fig. 4) , and are infrequent during meteorological summer (June-August). A comparison of environments during the seasons most favorable for LMV QLCS tornadoes classified by meteorological fall (SeptemberNovember), winter (December-February), and spring (March-May) reveals notable differences amongst several thermodynamic parameters. One caveat in the seasonal comparisons is the relatively small sample size of tornadoes occurring in the fall, featuring only 15 cases, whereas 42 and 77 cases occurred in the winter and spring, respectively. Parameters characterizing the degree of buoyancy show a minimum in winter for MLCAPE (Fig. 5a) , exhibiting a mean value approximately 120-200 J/kg -1 lower than fall and spring. All three seasons exhibit outlier events where MLCAPE is <100 J/kg -1 , suggesting large MLCAPE values are not necessary for QLCS tornadoes to occur in every case. A similar observation is noted in T12, in which a large majority of winter QLCS tornado cases across the CONUS occurred with MLCAPE values <400 J/kg -1 . However, the distribution of winter MLCAPE values amongst LMV QLCS tornado cases observed in the present study features a larger interquartile range Figure 2 . Box-and-whisker plots of (a) MLCAPE, (b) 0-3 km CAPE, (c) effective BWD, (d) effective SRH, (e) 0-3 km bulk shear, and (f) 0-3 km SRH for LMV QLCS tornadoes for EF0 and EF1+ ratings. Each box-and-whisker plot is composed of a median value (bold black line), mean (black dot), interquartile range (IQR) 25%-75% (box), and whiskers extending to 1.5 times the IQR beyond the IQR. The sample size is shown above each box in bold black font. ( Fig. 5a ) compared to T12, with a magnitude near 800 J/kg -1 at the top of the interquartile range. This suggests that winter environments favorable for LMV QLCS tornadoes may occasionally exhibit greater buoyancy than what occurs in other parts of the country. MLCAPE values in the lowest 0-3-km AGL show a gradual decrease in the mean and median values from fall into winter and spring (Fig. 5b) , but substantial overlap in the distributions is noted.
The distributions of lapse rates show a tendency for higher values in the winter and spring, especially in the midlevels of the troposphere. Lapse rates within the 0-3-km layer AGL (Fig. 5c ) are slightly weaker in the fall than winter and spring, exhibiting a mean and median value smaller by approximately 0.3°C km -1 , whereas both winter and spring are nearly identical in magnitude and overall distribution. More notable differences exist within the 700-500 hPa layer (Fig. 5d) 
c. Comparison of LMV QLCS tornadoes to remainder of tornadoes across the CONUS
QLCS tornadoes across the LMV are compared with tornadoes elsewhere across the CONUS, including all other convective modes, to determine differences in commonly observed environmental parameters. MLCAPE (Fig. 6a ) exhibits a notable difference between LMV QLCS tornadoes and all other tornadoes, with mean values 800 J/kg -1 and 400 J/kg -1 lower for EF0 and EF1+ ratings, respectively. These comparisons are fairly consistent with T12, which found a mean MLCAPE difference of 638 J/kg -1 between QLCS EF0 and discrete right-moving supercell EF0 tornadoes. T12 found a weak inverse relationship between EF-scale rating and MLCAPE magnitude for QLCS tornadoes across the CONUS, featuring median values of 1112 J/kg -1 for nontornadic cases, 680 J/kg -1 for EF0 cases, and 587 J/kg -1 for EF1+ cases. This finding differs from LMV cases analyzed in the present study, which found similar distributions of MLCAPE values for both EF0 and EF1+ cases (Fig. 6a) . MLCAPE values in the lowest 0-3-km AGL layer (Fig. 6b ) also exhibit generally lower values within the distribution of LMV QLCS tornadoes compared with all other tornadoes.
A similar comparison of kinematic parameters reveals negligible differences between LMV QLCS tornadoes and those in the rest of the CONUS. Both the mean and median values of effective BWD (Fig. 6c) are similar for EF0 and EF1+ ratings for LMV QLCS tornadoes. The only notable difference in the distribution is the lower extension of the box-and-whisker plot in Fig. 6c for EF0 tornadoes across the CONUS, which encompasses environments featuring lower magnitudes of effective BWD than what are observed with LMV QLCS tornadoes. Similar distributions also are noted when comparing effective SRH (Fig. 6d) . Larger differences in kinematic parameters associated with QLCS and right-moving supercells were noted in T12, with mean effective BWD values differing by 3.6 m/s -1 (7 kt) for EF0 tornadoes and 5.1 m/s -1 (10 kt) Figure 5 . Box-and-whisker plots depicting the distribution of (a) MLCAPE, (b) 0-3 km layer CAPE, (c) 0-3 km layer AGL lapse rates, (d) 700-500 hPa layer lapse rates, and (e) precipitable water for LMV QLCS tornadoes. Seasons are designated by the meteorological definition of fall (September-November), winter (December-February), and spring (March-May). Box-and-whisker plot conventions follow those described in Fig. 2 .
Rogers et al. for EF2 tornadoes. Fixed-layer kinematic parameter calculations, including 0-3-km bulk wind shear (Fig.  6e ) and 0-3-km SRH (Fig. 6f) , showed more notable differences in the box plots for EF0 ratings between LMV QLCS cases and all other tornado reports. This is consistent with the notion that many LMV QLCS tornadoes form within environments characterized by high shear and low CAPE, relative to typical tornadic supercell environments across the Plains (T12).
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d. Radar Analysis
Rotational velocity trends for varying EF-scale ratings associated with LMV QLCS tornadoes are consistent with CONUS-wide results from S15. Specifically, the peak 0.5° rotational velocity at any Figure 6 . Box-and-whisker plots depicting the distribution of (a) MLCAPE, (b) 0-3 km layer AGL CAPE, (c) effective BWD, and (d) effective SRH, (e) 0-3 km bulk shear, and (f) 0-3 km SRH for QLCS tornadoes across the LMV (white boxes), and all modes across the remainder of the CONUS and non-QLCS LMV tornadoes (grey boxes) for various EF-scale ratings from 2009-2013. Box-and-whisker plot conventions follow those described in Fig. 2 . Rogers et al. NWA Journal of Operational Meteorology 24 May 2017 point during the life cycle of the tornado generally increases from tornado ratings of EF0 through EF1+ (Fig. 7a) , featuring a mean value of 15.9 m/s -1 (31 kt) and 18 m/s -1 (35 kt), respectively. The distance between the maximum radial inbound and outbound velocities exhibits a small mean difference of 0.28 km (0.15 n mi) between EF0 and EF1+ tornadoes (Fig. 7b) . A subset of EF1+ LMV QLCS tornadoes feature smaller distances between peak inbound and outbound radial velocities, but the overall distribution remains very similar to EF0 tornadoes.
The final component of this study involves individually calculating rotational velocity and the distance between maximum inbound and outbound velocities corresponding to QLCS tornado events prior to tornadogenesis. A small-sample-size subset of the total QLCS tornado events is used to provide a preliminary investigation regarding temporal variability in rotational velocity. Although a much larger sample size would be desirable to gain more confidence in the implied meaning of the results and their physical implications, this manuscript is intended to provide an initial, proof-of-concept approach toward this analysis. This sample subset was restricted in size to an arbitrary number of 29 cases, owing to the appreciable amount of manual labor required for radar analysis. Consequently, this is only a preliminary investigation of circulation trends. Twenty-nine individual cases were selected for analysis based on the adequate data quality and sampling availability.
A temporal analysis of rotational velocity trends from three scans (~11-15 min) to one scan (~1-5 min) prior to the tornado report reveals a gradual increase in magnitude (Fig. 8a) . Both mean and median values increase from approximately 14.9 m/s -1 (29 kt) to more than 16.5 m/s -1 (32 kt) during this period, with a slight corresponding upward shift in the overall distribution of magnitudes also observed. The distance between the maximum inbound and outbound velocities exhibits an inverse trend compared to Fig. 8a , decreasing approximately 0.5 km, on average, from three scans to one scan prior to the tornado report (Fig. 8b) . It is noted that these results are based on a relatively small sample size, reducing their overall representativeness of the larger corresponding populations. Davis and Parker (2014; see Fig. 5 ) noted a similar trend in the temporal change in azimuthal shear magnitude, calculated as the difference in maximum and magnitude of radial velocity divided by distance between the two radar bins for high-shear, low-CAPE environment tornadic cases in the Southeast and mid-Atlantic regions. At the 0.5° elevation scan, a general upward trend in azimuthal shear magnitude from 20 min prior to up until the time of tornado warning issuance by the local National Weather Service forecast office was noted, followed by a decrease to pre-warning magnitudes.
Summary and Conclusions
Analyses of mesoscale environment parameters for LMV QLCS tornadoes suggest that these tornadoes tend to form in low-CAPE environments when compared to all other storm modes and regions. Low-CAPE environments of QLCS tornadoes in the LMV tend to occur in environments featuring BWD magnitudes similar to other parts of the country and may compensate for the limited degree of buoyancy. The results presented in the current study are consistent with findings from S12, T12, and S15, which highlight typical environmental and climatological characteristics of QLCS tornadoes across the CONUS.
QLCS tornadoes are found to be most common from October through May, with a distinct peak occurring in March and April similar to adjacent regions within the United States. Seasonal differences are most apparent in QLCS tornado environments during the fall, with typical environments characterized by richer tropospheric moisture but weaker midlevel lapse rates when compared to winter and spring.
Based on a limited sample size, peak rotational velocity trends show a general increase in magnitude, and slight decrease in distance between maximum radial velocities when comparing EF0 and EF1+ LMV QLCS tornadoes. Of particular note, a temporal decrease occurs in the distance between the maximum radial velocities across the radar-identified mesovortex prior to tornadogenesis, as shown in Fig. 8b . Although the sample size is small, this result suggests that a contraction of the radar-identified circulation associated with the eventual tornado occurs prior to tornadogenesis in some cases, consistent with other radar-based studies (e.g., Ziegler et al. 2001) . The information provided in Figs. 8 and 9 may be useful for meteorologists by providing an observed range of rotational velocities and distance between peak velocities for application in an operational warning setting, especially given the inherent difficulties in detecting the onset of QLCS tornadoes. Additional work, including the development of statistical analyses corresponding to larger sample sizes, would be necessary to substantiate the results and their physical implications.
Future work on this topic may involve including a larger sample size of LMV QLCS tornadoes for comparison with tornadoes from the rest of the CONUS. Also, additional work could be performed to investigate daytime versus nighttime variability of parameters representing LMV QLCS tornadoes, in addition to within-region variability of these tornadoes. Investigation and comparison with null events also could shed additional light on the predictability of LMV QLCS tornado environments. Further investigation of rotational velocity trends prior to the initial tornado occurrence, including an analysis of null events, may provide additional improvements in operational warning awareness in detecting QLCS tornadoes across the LMV.
Figure 8. (a)
The maximum rotational velocity and (b) the distance between the maximum inbound and outbound radial velocities from three scans (~11-15 min) to one scan (~1-5 min) prior to the initial tornado report for LMV QLCS tornadoes. Box-and-whisker plot conventions follow those described in Fig. 2. 
